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Metallic electrodes in the array are identified and refined using a pixel threshold technique in ANALYZE® software (Robb, et al. 1989 ). The resulting image is then translated to the preoperative CT volume. Identification of scalar boundaries presents a challenge due to the limited spatial resolution and soft tissue detail available with clinical CT which images bone/tissue boundaries. This is addressed by overlaying the cochlear atlas onto the combined CT data to better visualize the scalar position of the CI array. However, only an approximation of the scalar divisions is available and there is no information as to how the implanted array is interacting with the intra-cochlear soft tissue structures. The aim of this study is to address these perceived limitations by replicating the clinical CI surgical process using non-fixed cadaver heads. Outcomes are verified using pre and post-operative CT scanning, as well as micro CT (Lane, et al. 2007 ) scanning and a histological analysis that serves as the gold standard. . Furthermore, CI recipients who have higher numbers of electrodes residing in the scala tympani (ST) and less insertion trauma obtain greater benefit from the device (Skinner, 2002; Aschendorff, 2007) , as evidenced by their higher scores on open set word recognition testing.
Unlike other factors affecting clinical outcomes such as etiology, length of auditory deprivation or surviving spiral ganglion cells, surgical placement of the electrode array is one variable over which the surgeon may exert a considerable amount of control. Numerous studies demonstrate that by implementing an atraumatic, or soft surgical technique, patient outcomes may be positively affected due to the greatest number of electrodes inserted into and remaining in ST, a decrease in damage to the organ of Corti, and the greatest opportunity for preservation of residual hearing.
Atraumatic Surgery
It was once accepted that after cochlear implant surgery, the only transmission route of sound to the auditory nerve would be through electrical stimulation via the implant, as insertion trauma during the surgical process would destroy all residual hearing (Copeland, 2004) .
However, recent studies and clinical trials have demonstrated the feasibility of hearing preservation following cochlear implantation in conjunction with refined surgical approach.
"Soft surgery" is a term used to describe surgical implantation of the electrode array that results in the least amount of disruption and damage to cochlear structures such as the basilar membrane, osseous spiral lamina, and the modiolar wall. Atraumatic insertions decrease sequela secondary to fibrosis and ossification after placement of the array (Berrettini, 2007) .
Components of the technique include: anterior-inferior cochleostomy placement with respect to the round window (Balkany, 2006) , cochleostomy size less than 1.2 mm, placement of the array in the ST, avoidance of suction of perilymphatic fluid, containment of bone dust (Lehnhardt, 1994; Friedland, 2009 ), a slow rate of insertion , as well as an insertion depth of less than 400 degrees (Fraysse et al., 2005) .
Increased rates of conservation of residual hearing, in conjunction with improved surgical technique and CI technology have been reported (Gantz, 2005; 
Electroacoustic Stimulation
Although preservation of residual hearing is desirable for all patients, it is critical for patients aiming to utilize a hybrid implant consisting of the combination of ipsilateral electrical and acoustic stimulation (EAS). This method stands in contrast to bimodal stimulation in which a CI user also wears a hearing aid on the contralateral ear. With EAS, low to mid-frequency information, where patients often have the greatest amount of residual hearing, is amplified with a hearing aid, transmitted acoustically and naturally encoded by the apical region of the cochlea, while high frequency information is transmitted electrically to the basal region of the cochlea via cochlear implant (Gantz, 2005) thus matching the tonotopic organization of the cochlea.
The combination of electrical and acoustic information plays a critical role in speech recognition in the presence of noise for some CI users Gantz (2005) found that signal to noise ratios for speech recognition in multi-talker babble increased by 3-9 dB in the CI + ipsilateral hearing aid as compared to the CI alone condition. This translates to 30-40% increase in speech understanding as demonstrated by Eddington, et al. using the hearing in noise test (HINT) (House Ear Institute) sentence scores (1997). Moreover, CI users subjectively prefer the quality of sound with EAS. Those patients with a post-lingual onset of hearing loss often describe speech with a CI as sounding synthetic, mechanical, or "raspy." This complaint is likely due to the limited spectral resolution (the inability to reproduce the range of pitch perception present in normal hearing) available using a CI. Although limited pitch perception may not interfere with speech understanding in quiet, it is detrimental to the user when listening to speech in the presence of background noise which requires more acute pitch discrimination (Gantz, 2005) .
Subjective improvement in the aesthetic quality of sound using EAS is also encouraging as it relates to music appreciation with a CI. Gantz et al. (2005) found that EAS users were substantially more accurate than traditional CI users in melody recognition, pure tone frequency discrimination, as well as timbre ratings for low frequencies. In addition, the mean score for EAS users in an open-set test of familiar melody recognition was 80.1% correct (1 year post hook-up) as compared to the mean score for 27 traditional CI users of 30.7%. Ability to perceive the fundamental frequency via residual acoustic hearing may account for the difference in scores and in the ability to enjoy both familiar and novel music.
Scala Tympani Placement
Real world benefit and preservation of cochlear structures are optimized placement of the electrode array into the ST. Physiologically, insertion into the ST places the electrode contacts in close proximity to excitable neurons of interest; those in the osseous spiral lamina and the ganglion cells within Rosenthal's canal. Also, the ST is bounded by both the basilar membrane and osseous spiral lamina, offering a natural protective mechanism during insertion, while the scala vestibuli (SV) and the scala media (SM) are separated only by Reissner's membrane, a fragile two-celled layered structure. The significance of this may be appreciated when considering that even minor intracochlear trauma to the osseous spiral lamina during insertion has been shown to correlate with increased thresholds and a decrease in response selectivity (Wardrop, 2005) . Finally, the lumen of the ST has a slightly larger diameter than that of the SV for increased accommodation of the array. Components of force acting on the outer wall of the cochlea during array insertion include tension introduced by the surgeon, frictional force, relaxation force of the array, and adhesion forces (Todd, 2007) . Combined, these forces exert pressure on the spiral ligament and in excess, may cause trauma. Implant manufacturers have attempted to remediate this issue in electrode array design and insertion techniques. For example, the "advance off stylet" (AOS) (Cochlear Corporation®, Sydney, Australia) is a technique in which the Nucleus 24 Contour Advance® electrode array is held in a straight position by an internal wire during insertion, until the point at which a white marker on the carrier site is aligned with the cochleostomy. The stylet is held in place while the array is advanced to its final intracochlear position where it resumes its preformed shape around the modiolus Wardrop, 2005) . In contrast, when the standard insertion technique (SIT), or partial withdrawal method, is performed with the Nucleus 24 Contour® the array is advanced into the cochlea while the stylet is held in place and withdrawn after full insertion (Todd, 2007) . In 
al. employed an Instron 5543
Universal Force Measurement System to quantify the force exerted on the intracochlear outer wall during CI electrode array insertion using both techniques. The measurements were made in cochlear models, and in formalin-fixed cadaveric temporal bones. Insertions using the AOS technique were made with fewer points of contact with the outer wall and significantly less force. Furthermore, over insertions are unnecessary as the region of the cochlea with the greatest density of spiral ganglion cells is the mid-portion of the basal turn (Nadol, 1988) . A study by Ariyasu et al. (1989) which used computer-generated three-dimensional reconstructions of the organ of Corti, showed that spiral ganglion cells extend 1 ¾ turns along the organ of Corti and reach no higher than the middle of the second turn. Therefore, they concluded that electrode arrays need not be inserted beyond 1 ¾ turns.
Not only do deep insertions correlate with intra-cochlear damage, but they have also been associated with subjective reports of decreased sound quality, and poorer consonant and vowel identification (Gani, 2006) . Electrical signals from CIs are faithful to the tonotopicity of the cochlea. Therefore, misalignment between the natural acoustic frequency regions of the cochlea (Greenwood, 1961 ) and the filter frequencies of the array result in unusable pitch percepts for the user, or "tonotopic warping" (Goupell, 2008; Faulkner, 2003) . Misalignment may be a product of both surgical placement of the array and/or manipulation of frequency filters in CI mapping. noted that the subject with the deepest angular insertion depth (655°), and no basal electrodes until 142°, obtained a low word recognition score of 24%. This score improved significantly when the 4 most apical electrodes were deactivated. Several other subjects without electrodes in the basal turn until greater than 90° (as a result of a deep insertion) also performed poorly on word recognition tasks, with the highest performing subject scoring less than 50%. Subjects in Gani's 2007 study received the Med-El Combi40+ CI that was designed to be deeply inserted to two full turns around the cochlea. Similar to results from Skinner's study, Gani et al. found that consonant and vowel identification performance increased for all five of their subjects when their three most apical electrodes were deactivated, as did the subjective quality of the sound. 
Methods
Six fresh cadaver heads underwent CT scanning first using the Siemens Volume Zoom® (Siemens Medical Solutions, Forchheim, Germany). The Volume Zoom® has four detector rows with the smallest detectors being 0.5 mm and can yield reconstructed images with voxel edge lengths of 100 µm. Although the Volume Zoom® machine is still in use, it is likely to be replaced in the future with the Siemens Sensation® as technology advances. For this reason, images were obtained using both of these scanners. The heads were then scanned using the Siemens Sensation® which has 64 detector rows, the smallest detectors being 0.6 mm, and can also reconstruct images at 100 µm voxels. In the pre-operative condition, heads were tilted backwards to obtain images in a modified Stenver's angle. Heads were positioned such that the scan plane was parallel to a line that traversed the inferior orbital rim and petrous apex, and were secured in place using surgical tape.
All surgeries were performed by two experienced otologists, Drs Richard Chole and Timothy Hullar of the department of otolaryngology at Washington University. Six ears were implanted with a straight array, and six ears were implanted with a contoured array. A standard trans-mastoid facial recess approach was used for all specimens under direct microscopic guidance. While "soft surgeries" were performed in some specimens, in some specimens, intentional trauma was introduced in order to produce varied outcomes. For example, in some specimens the array was inserted beyond the point of first resistance. The electrode arrays were cut approximately one inch outside the cochleostomy and were fixed with polyurethane adhesive (Gorilla Glue, Cincinnati, OH). Incision flaps were sutured and heads underwent post operative CT scanning. In the post-operative condition, heads were positioned with chins tilted downward to mimic clinical positioning that avoids having the receiver-stimulator in the scan plane. Great care was taken to avoid air trapped within the calvarium; when necessary, water was injected under the flaps to avoid this. Temporal bones were subsequently removed from the heads and reduced in size with an otologic drill (Anspach Effort®, Palm Beach Gardens, FL) to a core approximately five cm in diameter and ten cm in length. Despite care taken not to disrupt the implanted arrays, the array became dislodged in one specimen and the otic capsule was damaged in another. These two specimens were excluded from further analysis. The remaining specimens were fixed in formalin.
Micro-CT scanning of all temporal bones was performed with a Scanco µCT 40 (Scanco Medical AG, Basserdorf, Switzerland) to create images with higher spatial resolution and reduced metal artifact bloom, as compared to clinical scans. Reconstructed voxel resolution size of 18 µm is possible with micro-CT as opposed to 100 µm for the Sensation and Volume Zoom.
Labyrinths were dehydrated in a graded series of alcohols (50, 70, and 100%). Six bones were embedded with methamethacrylate (MMA; Osteo-Bed; Polysciences, Inc.) and four were embedded with LR White Hard Resin (London Resin Co; London, England). Standard infiltration protocol was used for MMA embedding. The specimens were infiltrated with 1.4 grams of benzoyl peroxide (catalyst) to 100 ml of Osteo-Bed and were refrigerated for two weeks. 3.5 grams of benzoyl peroxide to 100 ml of Osteo-Bed was added to harden the material.
Glass containers were placed in a 37° C water bath for 48 hours. Containers were moved to a freezer for 45 minutes and consequently broken out of the glass. Following dehydration labyrinths embedded with resin infiltrated using a vacuum to extract all air. Resin filled molds were then accelerator cured for 24 hours.
Following embedding procedures labyrinths were further trimmed to approximately one inch in diameter and 2.5 inches in length and the resulting blocks were sectioned using a Buehler IsoMet (Beuhler; Lake Bluff, IL) low speed diamond circular saw using a 5 inch wafering blade by the same manufacturer. Blocks were aligned so that the modiolus was parallel to the plane of the saw blade. Sections were spaced approximately 500-600 µm thickness, including the kerf of the saw (200 µm). Sections were fixed onto slides, without staining. Slides were viewed using an Olympus BH2-RFCA (1.25x) microscope (Olympus America, Inc; Center Valley, PA).
Images were obtained with a Sony DKC-5000 (Sony Electronics, Inc; San Diego, CA) digital camera and were aesthetically retouched using Photoshop CS to better display histology.
Slides were analyzed independently by the author and two otologists to ascertain the degree of accuracy with which the CT model predicts the scalar location of the electrode array.
A form was created to document the mid-modiolar degrees around the cochlea for pertinent slides, and to record scalar placement of the array for each individual slide (Figure 1) .
Researchers who analyzed the histology were blinded to all images including the 3-D composites, pre-, post-operative, and micro CT scans. The researcher who rendered the images was blinded to the histological analysis and judged scalar placement using the 3-D CT composite technique alone. 
Analysis for specimens embedded with MMA (Tables 5-6 ) was adapted for swelling artifact that obscured electrode placement. Due to the degree of swelling, histological analyses of these cochleae were more subjective. In most cases, displacement of the basilar membrane by individual electrodes was used to judge the originally inserted position of the array (Figure 7 ). In some instances it was impossible to determine the original electrode position (Figure 8 ).
Additionally, swelling artifact affected the validity of the CT analysis due to the morphological displacement of the array, which altered linear insertion depth, as well as judgments regarding scalar placement. 
Conclusion
Information obtained using our CT method (Skinner, et al 2007) provides valuable insight into the efficacy of surgical techniques and has proven particularly useful for optimizing patient performance in conjunction with fine tuning of the CI processor, or when deciphering subjective percepts of CI users . Furthermore, CT imaging is a viable tool that can easily be incorporated into the management of cochlear implant recipients (Xu, 2000; . The results of this study suggest that a composite, 3-D image using a patient's pre and post-operative CT scan images accurately portrays the position of the electrode array as determined by micro CT scanning and histology.
